The replacement of inorganic fertilizer nitrogen by manure is highlighted to have great potential to maintain crop yield while delivering multiple functions, including the improvement of soil quality. However, information on the dynamics of root distributions in response to chemical fertilizers and manure along the soil profile is still lacking. The aim of this study was to investigate the temporal-spatial root distributions of summer maize (Zea mays L.) from 2013 to 2015 under four treatments (unfertilized control (CK), inorganic fertilizer (NPK), manure + 70% NPK (NPKM), and NPKM + straw (NPKMS)). Root efficiency for shoot N accumulation was increased by 89% in the NPKM treatment compared with the NPK treatment at V12 (the emergence of the twelfth leaf) of 2014. Root growth at 40-60 cm was consistently stimulated after manure and/or straw additions, especially at V12 and R3 (the milk stage) across three years. Root length density (RLD) in the diameter <0.2 mm at 0-20 cm was significantly positively correlated with soil water content and negatively with soil mineral N contents in 2015. The RLD in the diameter >0.4 mm at 20-60 cm, and RLD <0.2 mm, was positively correlated with shoot N uptake in 2015. The root length density was insensitive in response to fertilization treatments, but the variations in RLD along the soil profile in response to fertilization implies that there is a great potential to manipulate N supply levels and rooting depths to increase nutrient use efficiency. The importance of incorporating a manure application together with straw to increase soil fertility in the North China Plain (NCP) needs further studies.
Introduction
Crop yields and quality depend upon substantial nitrogen (N) inputs [1] . Modern agriculture depends on high external inputs of chemical N fertilizers to achieve high crop productivity, whereby excessive N leads to low nutrient use efficiency and is now recognized to be a major cause of environmental problems, including N leaching and soil acidification [2, 3] . In intensive cropping systems, the overuse of chemical fertilizers in excess of crop nutrient demand does not increase grain yield. Mining the biological potential of crop roots has been proposed to be one of the possible solutions to increase N efficiency [4, 5] , as roots are closely associated with soil resource acquisition and are central for achieving a high crop yield. Previous studies have demonstrated that root distribution, architecture, and morphological and physiological traits are important in N acquisition [6] . For example, N use
Fertilization and Treatments
The field experiment was established in October 2010, and data were collected over three years: 2013, 2014, and 2015. There were four treatments in four replicates with a plot size of 5 × 10 m: (1) an unfertilized control (CK), with no fertilizer input; (2) inorganic fertilizer (NPK), a fertilizer only based on conventional farming practice, with 250 kg N ha −1 (urea), 45 kg P 2 O 5 ha −1 (super-phosphate), and 45 kg K 2 O ha −1 (potassium sulfate), respectively; (3) 70% NPK + 30% compost (3000 kg ha −1 , NPKM). The NPK fertilizer was replaced by a commercial compost (30% replacement, based on the amount of N fertilizer). The compost was mainly derived from cow wastes with 33.2% carbon, 2.0% total N, 0.8% total P, and 0.7% total K; and (4) 70% NPK + 30% compost + wheat straw (NPKMS). The wheat straw was chopped to approximately 2-4 cm, and then returned to the soil at rates of 6, 5, and 8 Mg ha −1 in 2013, 2014, and 2015, respectively, as a result of yield variations among different years.
Sampling and Measurement
The summer maize (cv. 'Zheng dan 958') was sown in mid-June, and the density was controlled at 63,000 seeds ha −1 . In 2013, 2014, and 2015, three neighboring plants were selected and cut at the base of the stem at V6 (the emergence of the sixth leaf), V12, R3 (grain filling), and R6 (physiological maturity) stages, respectively. The entire shoots of maize plants were dried at 60 • C for 48 h until weighted. Subsamples were ground and digested using H 2 SO 4 -H 2 O 2 . The N content of plant samples was analyzed using the Kjeldahl method. The maize grain yield, the number of grains per spike, and the thousand-kernel weight (TKW) were determined [24] .
An auger sampling method [25] was used to assess the temporal and spatial distribution of maize roots over the whole growth period. Two intact soil cores per plot, with a volume of 8 cm in diameter and 60 cm in depth, were collected: one within the rows and one between the rows. They were separated into six subsamples at 10-cm depth intervals (0-10, 10-20, 20-30, 30-40, 40-50, and 50-60 cm). After picking out all of the visible roots in the soil cores, the roots were transferred to the laboratory, washed free of soil, and then frozen at −20 • C for a root length analysis [26] . The roots were placed in a glass rectangular dish (200 mm × 150 mm) for scanning with a scanner (Epson 1680, Indonesia). The root length and root diameter were analyzed using the software WinRHIZO (version 5.0, Canada). After calculation, the root length with different diameters (>0.4 mm, 0.2-0.4 mm, and <0.2 mm) and the total root length in each soil layer were obtained.
In 2015, at the R6 stage after maize roots were picked out, the soil was collected from each soil layer at 10-cm intervals. The soil was sieved with a 3-mm sieve. Soil organic matter (SOM) was determined using the dichromate oxidation method. The available P (AP) was analyzed colorimetrically after the soil was extracted with 0.5 mol dm −3 NaHCO 3 [27] . The soil was extracted with 1 mol dm −3 NH 4 OAC (available K, AK), and the K concentration was analyzed by a flame photometer.
In 2015, over the maize growth period, soils were collected from the 0-60 cm soil layers (at 20-cm intervals) in the inter-row area for the measurement of soil N min and water content. The soil samples were sieved with a 3-mm sieve, and extracted immediately with 0.01 mol dm −3 CaCl 2 solution after transfer to the laboratory. Soil N min (NH 4 + -N + NO 3 − -N) content was analyzed by a continuous flow analysis (TRAACS 2000, Bran and Luebbe, Norderstedt, Germany). Soil water content was measured by oven drying at 105 • C for 12 h.
Calculation
The root length density (RLD) was defined as the ratio of root length to excavated soil volume. The RLD at soil depths of 0-60 cm over the maize growth period was calculated consecutively for three years. In 2015, in addition to the total RLD, the fractions of RLD in different diameter classes (>0.4 mm, 0.2-0.4 mm, and <0.2 mm) were also analyzed. Root efficiency for shoot N accumulation (REN) was defined as the ratio of shoot N accumulation to total root length [28] . In 2015, after the maize harvest, N surplus and N balance were calculated.
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where NF and NG represent the amount of fertilizer N and the grain N, respectively.
where NF and NG represent the amount of fertilizer N and the grain N, respectively. NR IN and NR OUT represent the N contents in the residues from the previous crop and in the harvested crop, respectively.
Statistical Analysis
Effects of fertilization treatments on maize yield, yield components, shoot biomass, shoot N uptake, total RLD, the RLD in the three diameter classes, soil water content, soil N min , SOM, AP, and AK were analyzed using one-way analyses of variance (ANOVA) using the SPSS 18.0 for Windows software package. All the data were tested and log-transformed to achieve normality of distribution and homogeneity of variance before conducting ANOVA. Means of different treatments were conducted by the least significant difference (LSD) test, and all of the means were compared at the 0.05 probability level. The relationships between root length density, soil water content, soil N min , and shoot N uptake were conducted using Pearson's correlation through the nonlinear response model.
Results

Grain Yield, Dry Matter Accumulation, and N Uptake in Maize Shoots
The grain yield in the CK was significantly lower compared to the fertilized treatments over three years (except NPK in 2013). The maize yields in the two compost addition treatments (NPKM and NPKMS) were equivalent to or significantly higher than that in the NPK treatment (Table 1) . No significant difference in spike number was observed among the treatments. Compared with CK, fertilization treatments significantly increased the grain per spike (except in 2013, and in the NPK and NPKM treatments in 2014), and no significant difference was observed among the fertilized treatments. The TKW in the CK was significantly lower than that in the NPK (except 2013). The TKW in the compost was lower than that in the NPK treatment, but no significant difference was observed between the NPKM and NPKMS treatments ( Table 1) . Mean ± standard error (SE) (n = 4). The different letters within a column in each year denote significant differences at p < 0.05. TKW, thousand-kernel weight; CK, unfertilized control; NPK, inorganic fertilizer; NPKM, manure + 70% NPK; NPKMS, NPKM + straw.
Regardless of the fertilization treatments, the shoot biomass and N accumulation of maize during the growth period showed similar patterns over all three years. The average values were much higher in the fertilization treatments than that in the CK. No significant difference in biomass accumulation or N uptake was observed among the fertilized treatments (Table 2) .
In all three years, the root efficiency for shoot N accumulation (REN) in the fertilized treatments was equivalent to or significantly higher than that in the CK during the maize growth period (Table 3) . In 2013, no significant differences among all the treatments were observed, except that REN was higher in fertilization treatments than in the CK at the R3 stage. Compared to the CK, REN in the fertilization treatments was significantly increased at V12 in 2014 and R3 in 2015.
Distribution of Total Root Length Density
After the V6 stage, the total RLD began to increase dramatically and peaked at R3 and then decreased rapidly at the R6 stage. There was no significant difference among different treatments except RLD at V12 in 2014 ( Table 3) .
The distribution of RLD in different soil depths was consistent at all maize growth stages in all three years, regardless of the treatments (Figure 1 ). There were many more roots on the surface (0-20 cm) relative to the deeper soil layers, especially at the reproductive stages (V12 and R3). In 2013, no significant difference among fertilization treatments was observed at all soil depths over the growth period, except that at V12 RLD in the NPKM treatment was 144% higher relative to that in the NPK at 50-60 cm. Fertilization had no effect on RLD in each soil depth over the growth period, except that RLD in the NPK treatment at 10-20 cm and NPKMS at 40-50 cm was significantly increased relative to other treatments at V12 in 2014. Fertilization showed no effect on RLD in each soil depth at the V6 stage in 2015. At the V12, R3, and R6 stages, the effect of fertilization on RLD was shown at 50-60 cm. At stage V12, compared to the CK, the addition of compost (NPKM and NPKMS) significantly increased RLD, and RLD in the NPKM was increased by 144%. The RLD in the treatments of NPKMS (at R3) and NPKM (at R6) was significantly higher than that in the CK.
Root Distributions in Diameter Classes
In 2015, we measured the distribution of roots in different diameter classes. (Tables 4-6 ). The temporal changes had a relatively small effect on RLD of each diameter in a similar manner. The RLD of each diameter was higher in the upper soil layers (0-20 cm) than that in deeper layers. The RLD in D < 0.2 mm was higher than those of the other diameters, accounting for approximately 50% of total root length. No significant difference among treatments was observed at all soil depths in the three diameter classes at the V6 stage. The effect of fertilization was pronounced at 40-60 cm, where a higher value in the NPKM and NPKMS was observed (Table 4) .
For the RLD in 0.2 < D < 0.4 mm, fertilization showed a relatively small effect on RLD except at V12 and R6. At V12, the RLD in the NPKMS treatment was higher than in the other treatments at 20-30 cm. At R6, NPKMS had the highest RLD, which was significantly higher than the other treatments at 40-50 cm (Table 5 ). For the RLD in D > 0.4 mm, NPKMS had the highest RLD at 20-30 cm and RLD in the NPKMS treatment was significantly increased relative to in the CK at 40-60 cm (Table 6) . At R6, the RLD in the NPKM treatment was higher than in the CK at 40-50 cm, and no significant difference was observed in other soil depths. Mean ± SE (n = 3). The different letters within a column in each year denote significant differences at p < 0.05. Mean ± SE (n = 3). The different letters within a column in each year denote significant differences at p < 0.05. Mean ± SE (n = 3). The different letters within a column in each year denote significant differences at p < 0.05. 
Soil Nmin, Water Content, and N Balances
In 2015, over the maize growth period, fertilization treatments showed higher soil Nmin concentrations than CK, and no significant difference was found among fertilization treatments except at V12 and R6 (Figure 2 ). The average soil Nmin concentrations in the NPK and NPKMS treatments tended to be higher than those in the NPKM treatment (except at V6). At V12 and R6, at 40-60 cm, soil Nmin concentrations in the NPK treatment were significantly higher than those in the other treatments.
Soil water contents at 0-20 cm were significantly lower than at 20-60 cm regardless of the fertilization treatments (Figure 2 ). The soil water contents were significantly affected by the fertilization treatment at the top soil (0-20 cm) but not at deeper soils (except at V12). At the V6 and R6 stages, the soil water contents in the NPKMS treatment were significantly higher than those in the other treatments. 
Soil N min , Water Content, and N Balances
In 2015, over the maize growth period, fertilization treatments showed higher soil N min concentrations than CK, and no significant difference was found among fertilization treatments except at V12 and R6 (Figure 2 ). The average soil N min concentrations in the NPK and NPKMS treatments tended to be higher than those in the NPKM treatment (except at V6). At V12 and R6, at 40-60 cm, soil N min concentrations in the NPK treatment were significantly higher than those in the other treatments.
Soil water contents at 0-20 cm were significantly lower than at 20-60 cm regardless of the fertilization treatments (Figure 2) . The soil water contents were significantly affected by the fertilization treatment at the top soil (0-20 cm) but not at deeper soils (except at V12). At the V6 and R6 stages, the soil water contents in the NPKMS treatment were significantly higher than those in the other treatments. Both N surplus and N balance were negative in the CK (Figure 3 ), while the values were positive in the fertilized treatments. The NPK treatment showed the highest N balance (94 kg N ha −1 ) and N surplus (159 kg N ha −1 ), which were 78% and 181% higher than those in the NPKM treatment, and 95% and 57% higher than those in the NPKMS treatment, respectively. Both N surplus and N balance were negative in the CK (Figure 3 ), while the values were positive in the fertilized treatments. The NPK treatment showed the highest N balance (94 kg N ha −1 ) and N surplus (159 kg N ha −1 ), which were 78% and 181% higher than those in the NPKM treatment, and 95% and 57% higher than those in the NPKMS treatment, respectively. Both N surplus and N balance were negative in the CK (Figure 3 ), while the values were positive in the fertilized treatments. The NPK treatment showed the highest N balance (94 kg N ha −1 ) and N surplus (159 kg N ha −1 ), which were 78% and 181% higher than those in the NPKM treatment, and 95% and 57% higher than those in the NPKMS treatment, respectively. 
Correlations between Soil Water Content, RLD, Soil Nmin, and Shoot N Uptake
Soil Chemical Properties
The SOM content at 0-20 cm was significantly higher than that at deeper soil layers (Figure 6 ). At 0-10 cm, the SOM content in the NPKMS treatment was remarkably increased. No significant difference in SOM contents among treatments was observed at 0-10 cm soil. Fertilization had no significant effect on soil AP. The content of soil AP at 0-10 cm and 10-20 cm (8.4 mg kg −1 ) was significantly higher than that in the deeper soils (p <0.01). Available K in the NPKMS treatment was significantly higher than that in the CK and NPK treatments at 0-20 cm, and no significant difference was observed between NPKMS and NPKM treatments. The content of soil AK was significantly higher at 0-20 cm than at deeper soil layers (p <0.01). 
The SOM content at 0-20 cm was significantly higher than that at deeper soil layers (Figure 6 ). At 0-10 cm, the SOM content in the NPKMS treatment was remarkably increased. No significant difference in SOM contents among treatments was observed at 0-10 cm soil. Fertilization had no significant effect on soil AP. The content of soil AP at 0-10 cm and 10-20 cm (8.4 mg kg −1 ) was significantly higher than that in the deeper soils (p < 0.01). Available K in the NPKMS treatment was significantly higher than that in the CK and NPK treatments at 0-20 cm, and no significant difference was observed between NPKMS and NPKM treatments. The content of soil AK was significantly higher at 0-20 cm than at deeper soil layers (p < 0.01). 
The SOM content at 0-20 cm was significantly higher than that at deeper soil layers (Figure 6 ). At 0-10 cm, the SOM content in the NPKMS treatment was remarkably increased. No significant difference in SOM contents among treatments was observed at 0-10 cm soil. Fertilization had no significant effect on soil AP. The content of soil AP at 0-10 cm and 10-20 cm (8.4 mg kg −1 ) was significantly higher than that in the deeper soils (p <0.01). Available K in the NPKMS treatment was significantly higher than that in the CK and NPK treatments at 0-20 cm, and no significant difference was observed between NPKMS and NPKM treatments. The content of soil AK was significantly higher at 0-20 cm than at deeper soil layers (p <0.01). The different letters within a column in each year denote significant differences at p < 0.05.
Discussion
Nitrate is the most abundant form of available nitrogen in the soil and is acquired by maize plants in great amounts on the NCP. RLD is a significant indicator in estimating nutrient use efficiency, including N [29, 30] . The total RLD began to increase dramatically after the V6 stage, reached the maximum RLD at R3, and then declined rapidly at R6 (Table 3) . Our results are consistent with other studies relevant to maize root growth [26, 31] . Maize plants take up more than half of the nutrients (N, P, and K) during the vegetative growth stage [29] [30] [31] [32] , and the decrease in the RLD after tasseling indicated rapid root death due to the lateral root mortality [33] . Overall, the fertilization treatments had no significant effect on RLD over all of the seasons, and, also in 2015, in various diameter classes (Tables 4-6 ). Other than the soil N min content in the whole soil profile, the other soil chemical properties in the top soil layers (SOM and AK) and water contents (Figures 2 and 6 ) differed greatly among treatments. The correlation between soil N min content and RLD was variable. For example, soil nitrate concentration and maize root length at the silking stage showed a moderate but significant correlation in a 2-year experiment across three types of soils [13] . By contrast, RLD was often weak in acquisition of NO 3 − -N [34] . In a long-term field trial, combined N and P fertilizers but not manure applications enhanced nutrient uptake and maize yield via stimulating root growth [35] , and the effect was significant at a lower N + P but not at a higher N + P treatment. In the present study, soil N min contents were lower in the manure treatments, yet the value was still relatively high (approx. 16.0-22.0 mg kg −1 ) as shown by the positive N surplus. It is likely that a high N fertilization rate (also high residual N) in the present experiment may have restricted the root growth response.
Similarly, high N application may inhibit root elongation at a soil nitrate concentration above 20 mg kg −1 [13] . In the present study, we found a weak correlation between RLD and soil N min and soil water content in the upper 20 cm, but a relatively stronger correlation with shoot N uptake at different root classes (Figures 4 and 5 ), indicating that an N requirement aboveground is the driving force for N acquisition by maize roots. Previous studies found that the amount of N taken up by roots was driven by the demand for shoot growth [33, 36] . Root growth was positively correlated with aboveground biomass and N uptake in a solution culture system [10, 37] . Our results showed that NPKM and NPKMS treatments could meet the maize N requirement compared with NPK (Table 2) . However, the amount of N applied may still be adjusted to allow the roots to mine the soil, and N turnover mediated by soil microorganisms in the organic addition treatments should be taken into account in the organic and compost N management strategies. Roots were mostly distributed in the upper soil layers over the maize growth stages in all fertilization treatments (Figure 1) , and the effect was more significant over time. It is wellacknowledged that the topsoil layer is in favor of root growth, as a result of continual deposition of organic matter and plant residues, fertilization, and cultivation [38] . Maize rooting depth at anthesis varies from approx. 0.7 m to approx. 1 m, and approximately 70% of roots grew in the upper 20 cm of the soil [39] . In general, the effect of fertilization on RLD was more obvious in 2015 after five years of fertilization treatment. The addition of compost increased RLD in certain soil layers. The RLD in the NPKM treatment was 2-4 times higher than that in the NPK treatment at 50-60 cm at the V12 stage, and compost addition increased the RLD relative to the CK at R3 and R6 in 2015 (Figure 1 ). The higher RLD in different diameter classes was shown in the compost addition treatments (Tables 4-6 ). The increase in RLD may be associated with the improvement of biological activities due to the rhizosphere effect, which was characterized by exudation of amino acids and some physiological active substances in the organic fertilizer treatment [40] . In addition, the incorporation of organic compost into soil exerts beneficial effects on root growth by improving the physical and chemical properties in the rhizosphere [41, 42] . The mechanisms underlying the enhanced growth of plant roots needs further investigations.
In the present study, soil N min content was increased in the NPK treatment over the whole growth period, especially in deep soil layers (20-60 cm) , where the highest N surplus and balance was detected (Figure 3 ). This was in line with the N surplus of >150 kg N ha −1 crop −1 in a winter wheat-summer maize rotation experiment conducted in the same region [43] . Our results indicate that NPKM or compost + straw NPKMS met the N requirement for maize growth compared with NPK (Table 2) ; meanwhile, they maintained crop production and reduced N min leaching. The SOM content in the NPKM treatment at the topsoil (0-20 cm) was increased compared to the CK and NPK treatments ( Figure 6) . Interestingly, the contents of SOM and AK in the NPKMS treatment were significantly increased compared to the manure-only treatment ( Figure 6 ). Farmyard manure and straw increased SOM content by approx. 37.2% compared to an organic-manure-only or a straw-only application after a long-term (11-year) fertilization in India [44] . Similarly, returning straw and adding farmyard manure significantly increased SOM contents compared with the application of only chemical fertilizer in a long-term (30-year) field experiment in Northwest China [45] .
Conclusions
In summary, this three-year experiment shows that the incorporation of compost to partially replace inorganic N fertilizer (30% in the present study) is feasible to maintain crop yield while reducing the potential N losses. The increase of SOM, available P, and available K concentrations in the compost and straw joint treatment in the top soil highlights the importance of adding fresh plant residues to build up soil fertility, although the underlying mechanism remains to be unraveled. The RLD was not significantly affected by the fertilization treatments, while the vertical distribution of RLD over three years was increased in certain layers in the manure addition treatments, in particular in 2005. In the top soil of 0-20 cm, the RLD was negatively correlated with soil N min contents, and was slightly affected by soil water contents. The RLD at the top soil layer (D < 0.2 mm) and in deeper soils (D > 0.4 mm) was positively correlated with shoot N uptake (Figures 4 and 5) . Our results indicate that the partial replacement of NPK by compost might still result in excessive N min , and high N min contents in the soil profile may have constrained the response of root growth to fertilization treatments. The N turnover in organic manure and materials mediated by soil microorganisms should be considered in future organic and inorganic N management strategies. The distribution of roots along the soil profile in response to fertilization implies that there is a great potential to manipulate rooting depth to increase nutrient efficiency. The importance of incorporating the application of manure with straw together to increase soil fertility needs further studies.
